Persistent holograms are recorded with red light in lithium niobate crystals doped with manganese and iron. Different erasure mechanisms are investigated, and a recording schedule for multiplexing holograms with equal diffraction efficiencies is proposed. To test the recording schedule experimentally, we multiplex 50 plane-wave holograms with the proposed recording schedule. © 1999 Optical Society of America OCIS codes: 090.0090, 210.2860, 090.2910 We recently demonstrated persistent (nondestructive readout) holographic recording in doubly doped lithium niobate ͑LiNbO 3 ͒.
We recently demonstrated persistent (nondestructive readout) holographic recording in doubly doped lithium niobate ͑LiNbO 3 ͒. Two-center holographic recording is one type of gated holographic recording. 2 -5 In multiplexing many holograms, we need a recording schedule to equalize the diffraction efficiencies of all holograms. There is a well-known recording schedule for the case in which recording and erasure of a single hologram can be represented by monoexponential formulas. 6 Multiplexing holograms obtained by use of incremental recording have also been investigated for monoexponential recording and erasure dynamics. 7 In doubly doped crystals, however, the erasure curves are not monoexponential, and therefore a modified recording schedule must be employed. In this Letter we propose and experimentally demonstrate such a recording schedule for multiplexing many persistent holograms in doubly doped LiNbO 3 with equal diffraction efficiencies.
We performed experiments with a congruently melting x-cut LiNbO 3 crystal doped with Fe and Mn. The crystal is oxidized so that initially all Fe traps are empty and a portion of the Mn traps are filled. Illumination with UV light (for example, at 404 nm) excites electrons from Mn centers to the conduction band. A portion of these electrons is trapped by Fe centers. Therefore, the crystal becomes sensitive to red light. Holographic recording is achieved by the simultaneous presence of UV and two red beams interfering in the crystal. The red beams create a charge distribution at the Fe and the Mn trapping sites that is proportional to the interference pattern, and the UV light provides continuous sensitization of the Fe traps. Readout is performed with one red beam only, with no UV light present. During readout, all electrons in the Fe centers will be transferred to the Mn centers. This partially erases the hologram. After all electrons are transferred to the Mn centers, further red readout of the remaining hologram in the Mn traps is nondestructive. A typical recording and readout curve is shown in Fig. 1 .
When multiple holograms are recorded, each hologram is erased by both UV and red beams during the recording of subsequent holograms. We performed a series of recording and erasure experiments to assess the dynamics of the processes and to measure the time constants involved. We performed erasure with the UV light and one of the red beams to get information about the erasure of a hologram while subsequent holograms were recorded. Experimental results for four cycles of recording and erasure are depicted in Fig. 2 . The recording curves can be approximated by monoexponential formulas as
The erasure curves can be approximated by biexponential formulas as
In Eqs. (1) and (2) h is the intensity diffraction efficiency of the hologram, t r is the recording time . The crystal was homogeneously preexposed to UV light for at least 1 h before the experiment. Then a plane-wave grating (transmission geometry; grating period, 0.9 mm) was recorded and reconstructed. The grating vector was aligned parallel to the c axis of the sample. constant, and t e1 and t e2 are the two erasure time constants. Typical mean-square errors in diffraction eff iciency for the recording and erasure fits are 2 3 10 28 and 4 3 10 29 , respectively. The biexponential behavior of the erasure is due to the fact that the overall space-charge pattern is the sum of the two space-charge patterns in the Fe and the Mn centers. The space-charge pattern in the Fe centers gets erased (and transferred to the Mn centers) faster than the portion in the Mn centers, owing to the presence of the strong red light. When the whole spacecharge pattern settles down in the Mn centers, erasure is performed more slowly, as only UV light can excite electrons from these centers to the conduction band for erasure. Figure 3 shows the effect of different erasure mechanisms. Three different erasure curves after a plane-wave hologram is recorded to saturation are depicted in Fig. 3 . These three mechanisms are erasure with UV and one red beam, erasure with UV only, and partial erasure by red light to a steady state and then final erasure by UV only. The curves are normalized so that all three have the same starting point. As Fig. 3 shows, for erasure with red light, only part of the hologram is erased, owing to the transfer of electrons from the Fe to the Mn centers. After all electrons are transferred to the Mn centers, the remaining hologram can be erased with UV light only, and erasure can be represented very well by a monoexponential formula. The hologram can also be erased from the beginning with UV light only, resulting in biexponential erasure.
During hologram multiplexing, each hologram is erased by the UV and the red beams that record the subsequent holograms. Therefore, the erasure is biexponential, and the conventional recording schedule 6 cannot be used. However, the following observation can lead us to a similar recording schedule: When the holograms are read out at the end of the recording sequence, the electronic charge remaining in the Fe centers is transferred to the Mn centers, resulting in some partial erasure. Erasure during readout is different for different holograms in the sequence. The holograms that are recorded earlier have less charge in the Fe centers than those recorded later in the recording sequence, since the earlier holograms are erased longer than the later ones during the recording schedule. Therefore, the later holograms suffer more from partial erasure during readout. After suff icient readout, this partial erasure is complete for all holograms, and further readout is nondestructive. If each hologram is the sum of a red-erasable part and a non-rederasable part, we will have only the non-red-erasable part remaining after suff icient readout. During the exposure schedule, this part is erased mainly by UV light (with some help from red light), and its erasure is represented by one of the exponentials (the one with the larger time constant) in Eq. (2) . Therefore, we can ignore the red-erasable part, represent the effective erasure with a monoexponential formula, and use the conventional recording schedule 6 to multiplex many holograms. The M͞# is given by
where b represents the partial loss of the hologram owing to electron transfer from the Fe to the Mn centers. We can measure bA 0 experimentally by recording a grating to saturation and reading it out for a long time with only red light, as shown in Fig. 1 . The remaining persistent diffraction eff iciency is ͑bA 0 ͒ 2 . The angular separation of the holograms in angle multiplexing depends on the selectivity of each hologram. Figure 4 shows the angular selectivity curve for one grating. The average angle between the main ± as the angular separation between consecutive holograms.
The recording and erasure time constants for our crystal can be calculated from Fig. 2 as t r 4520 6 270 s, t e1 675 6 67 s, and t e2 5780 6 115 s. The corresponding recording and readout intensities are given in the caption of Fig. 1 . Note that during multiplexing t e1 and t e2 are smaller than the values given above, since erasure is performed by the UV light and both recording red beams. We derived the recording schedule by assuming an effective monoexponential erasure with time constant t e2 . When we multiplex M holograms, the recording time of the nth hologram, t n , is given by
where R t e2 ͞t 1 . In designing the experiment we start with t e2 given above and try to get the best multiplexing performance by fine tuning it. The effect of the partial erasure (given by t e1 ) is shown in Fig. 5 . Figure 5 (a) shows the diffraction efficiency versus angle for 50 plane-wave holograms right after all holograms were recorded, and Fig. 5(b) depicts the same curve after 1 h of readout with red light. Note that partial erasure owing to readout occurs mainly for the last few holograms. We used t e2 5000 s and t 1 2500 s for this experiment. We also measured bA 0 p 0.07 0.26 from Fig. 1 . Substituting these values into Eq. (3), we get M͞# 0.29. Based on this M͞#, we expect the diffraction efficiency of each hologram to be h ͑M͞#͞M͒ 2 3.2 3 10 25 , which is in good agreement with the experimental results.
The incremental recording method can also be used for the doubly doped material, based on the same observation as above, i.e., that each hologram at a specif ic time is the sum of a red-erasable part ͑A e ͒ and a non-red-erasable part ͑A ne ͒. For multiplexing M holograms, we can represent these portions of each hologram after the n 1 1th recording cycle as
A ne ͑n 1 1͒ bA 0 ͓1 2 exp͑2t 0 ͞t r ͔͒ 1 A ne ͑n͒exp͑2Mt 0 ͞t e2 ͒ ,
where t 0 and A 0 are the recording time for each hologram in one cycle and the saturation value of p h, respectively. The erasable and the nonerasable portions of a hologram are represented by a and b, respectively. Since the erasable portion is erased after suff icient readout, we design the incremental recording based on Eq. (6), which is identical to the equation representing incremental recording in a conventional (single-dopant) photorefractive crystal. Therefore, conventional incremental recording 7 can be employed. In conclusion, we have demonstrated that the conventional recording schedule can be used for multiplexing holograms with the two-center holographic recording method if the correct erasure time constant is used. Such a recording schedule results in holograms with equal diffraction eff iciencies after suff icient readout.
